Background
==========

Cardiovascular complications are the leading cause of morbidity and mortality in patients with diabetes. Apoptosis of vascular endothelial cells has been considered to be an important event in the process of vascular dysfunction. A number of studies have shown that advanced glycation end products (AGEs), formed by non-enzymatic glycation reactions between sugars and macromolecules, are crucially involved in diabetic vascular complications \[[@b1-medscimonit-18-7-br286],[@b2-medscimonit-18-7-br286]\]. The large accumulation of AGEs in patients with diabetes can trigger the process of inflammation, elicit oxidative stress generation, induce the apoptosis of vascular endothelial cells, and finally result in the onset and progression of diabetic vascular complications \[[@b3-medscimonit-18-7-br286]--[@b5-medscimonit-18-7-br286]\]. Several critical steps have been reported to be involved in AGEs-induced apoptosis in HUVECs, including increased pro-apoptotic protein levels and activation of caspase protease \[[@b6-medscimonit-18-7-br286]\]. Therefore, inhibition of AGEs-induced apoptosis of endothelial cells may be an effective therapeutic approach to prevention and treatment of diabetic complications \[[@b7-medscimonit-18-7-br286]\].

Glucagon-like peptide-1 (GLP-1), a brain-gut insulinotropic peptide, has been proposed as a prospective target for clinical treatment of type 2 diabetes mellitus (T2DM) \[[@b8-medscimonit-18-7-br286]\]. Most studies focus on the insulinotropic effects of GLP-1 on insulin-secreting cells but there is a growing body of evidence demonstrating that GLP-1 also has cardiovascular effects \[[@b9-medscimonit-18-7-br286]--[@b11-medscimonit-18-7-br286]\]. GLP-1 can regulate vascular tone and promote vascular endothelial cell proliferation \[[@b10-medscimonit-18-7-br286],[@b12-medscimonit-18-7-br286],[@b13-medscimonit-18-7-br286]\]. Recent studies have shown that in HUVECs, GLP-1 not only suppresses AGEs-induced upregulation of reactive oxygen species and inflammation \[[@b14-medscimonit-18-7-br286]\], but also inhibits H~2~O~2~-induced cellular senescence \[[@b15-medscimonit-18-7-br286]\]. In addition, GLP-1 protects beta cells from the dangerous effects of AGEs \[[@b16-medscimonit-18-7-br286]\]. Therefore, GLP-1 may have potential protective effects against different extracellular stimuli in different cell types. Further, GLP-1 exerts anti-apoptotic effects in different cell types, including pancreatic β-cells \[[@b17-medscimonit-18-7-br286]--[@b19-medscimonit-18-7-br286]\], neuronal cells \[[@b20-medscimonit-18-7-br286]--[@b22-medscimonit-18-7-br286]\], cardiomyocytes \[[@b23-medscimonit-18-7-br286]\], and cholangiocytes \[[@b24-medscimonit-18-7-br286]\]. However, it remains unknown whether GLP-1 can inhibit AGEs-induced endothelial cell apoptosis.

Therefore, in the present study we used an *in vitro* model to investigate the effects of GLP-1 on the apoptosis of human umbilical vein endothelial cells (HUVECs) induced by AGEs and its possible mechanism(s).

Material and Methods
====================

Materials
---------

D-glucose, bovine serum albumin (BSA), and GLP-1 (7--36 amide) were purchased from Sigma (St. Louis, MO, USA). Antibodies against Bcl-2, Bax, cytochrome *c*, and β-actin were purchased from Santa Cruz Biotechnology Inc. (Delaware, CA, USA). Annexin V-FITC/PI Apoptosis Detection Kit was purchased from Invitrogen (Carlsbad, CA, USA). Endothelial cell growth factor and caspase-3 and −9 activity assay kits were obtained from BD Biosciences (Franklin Laker, NJ, USA). BCA protein assay kit was purchased from Fisher Scientific (Pittsburgh, PA, USA). M199 culture medium and fetal bovine serum (FBS) were purchased from Gibco BRL (Grand Island, NY, USA).

Cell culture
------------

HUVECs were isolated from umbilical cord, as previously described \[[@b25-medscimonit-18-7-br286]\]. HUVEC medium consisted of M199 medium, supplemented with 20% FBS and 50 μg/mL endothelial cell growth factor. These cells were tested positive for von Willebrand factor antigen by immunofluorescence. Cells from the third to fifth passages were used for experiments.

Preparation of AGE-BSA
----------------------

AGE-modified BSA (AGE-BSA), an AGE used to study the toxicity of AGEs on a number of cells types, was prepared as described previously \[[@b26-medscimonit-18-7-br286]\]. Briefly, 1.0 g BSA was dissolved in 10 mL of 0.5 mol/L phosphate-buffered saline (PBS; pH=7.4) with 3.0 g D-glucose. The sample was filter-sterilized using a 0.22-μm millipore filter and incubated at 37°C for 12 weeks under sterile conditions in the dark. After incubation, the sample was dialyzed against PBS to remove unbound sugars. In the meantime, non-glycated BSA was prepared simultaneously by the same method, but without using D-glucose. AGE-BSA was identified using a fluorescence spectrophotometer. Protein concentration was measured using the BCA protein assay.

Cell treatment
--------------

HUVECs were grown to 90% confluence, followed by an incubation overnight in serum-deficient media containing 0.5% FBS. Cells were incubated with or without 200 μg/mL AGE-BSA (this concentration corresponds to the serum concentration of AGEs in patients with diabetes and is broadly used in the literature \[[@b6-medscimonit-18-7-br286],[@b27-medscimonit-18-7-br286],[@b28-medscimonit-18-7-br286]\]) in the presence or absence of the indicated concentrations of GLP-1 for 48 h. Control cells were treated with BSA alone (at a final concentration of 200 μg/mL).

Cell viability
--------------

Cell viability was measured with the MTT \[3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide\] assay. HUVECs cultured in 96-well plates (8×10^3^ cells/well) were treated as indicated in the legend to [Figure 1](#f1-medscimonit-18-7-br286){ref-type="fig"} and incubated for 48 h. After treatment, 5 mg/mL MTT was added to the cell culture. After 4-hour incubation, the medium was removed, the cells were solubilized in DMSO, and absorption was measured at 570 with a microplate reader.

Hoechst 33258 staining
----------------------

Cells cultured on glass coverslips were fixed, permeabilized, and then stained with Hoechst 33258 at a dilution of 1:200 (1 mg/mL stock solution) for 5 min in the dark. Apoptotic cells were counted under a fluorescence microscope. At least 1000 cells were counted for each experimental condition.

Flow cytometry analysis
-----------------------

After treatment, cells were evaluated by double staining with FITC-conjugated Annexin V and propidium iodide (PI), according to the manufacturer's instructions. Cells were washed twice with PBS and stained with Annexin V and PI for 15 min at room temperature. Flow cytometric analyses were performed on a FACSCalibur flow cytometer (BD Biosciences), and the data were analyzed with the Cell Quest analysis program. Apoptotic cells were defined as cells that were negative for PI (indicating an intact plasma membrane) and positive for Annexin V-FITC.

Western blotting analysis
-------------------------

Cells with various treatments were lysed in protein lysis buffer (1% SDS in 25 mmol/L Tris-HCl, pH=7.4, 1 mmol/L EDTA, 100 mmol/L NaCl, 1 mmol/L phenylmethanesulfonyl fluoride (PMSF), 10 μg/mL leupeptin, and 10 μg/mL pepstatin). Cell lysates were frozen and thawed 3 times and were further centrifuged at 14,000 g for 10 min at 4°C to pelletize the insoluble material. The supernatant contained the cell extracts and the protein concentration was measured using the BCA protein assay. Equal amounts of protein (20 μg) from each sample were separated on 12% SDS-polyacrylamide gel and transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were blocked in 5% non-fat milk and incubated with either anti-Bcl-2 (1:1,000), anti-Bax (1:2000), anti--cytochrome *c* (1:2000), or anti-β-actin (1:2000) antibody. Secondary specific horseradish-peroxidase -- linked antibodies were added for 1 h, and immune complexes were detected by ECL chemiluminescence.

Measurement of caspase-3 and −9 activity
----------------------------------------

The caspase-3 and −9 activity assays were performed according to the manufacturer's instructions. Cells were washed twice with PBS and pelleted with centrifugation. Cell pellets were then resuspended with iced lysis buffer for 10 min. After centrifugation, cell extracts were transferred to fresh tubes. Specific substrates of caspase-3 or −9 were added, and the tubes were incubated at 37°C overnight. Caspase-3 and −9 activities were read in a microplate reader at 405 nm.

Statistical analyses
--------------------

Results are representative of at least three experiments. All analyses were carried out with SPSS 13.0 software. Data are expressed as mean ± standard deviation (SD). Differences between groups were tested by one-way ANOVA followed by a Student-Newman-Keuls test. Statistical significance was defined as two-sided *p*\<0.05.

Results
=======

Effects of GLP-1 on AGEs-induced toxicity in HUVECs
---------------------------------------------------

First, we evaluated the effect of GLP-1 (10, 50, 100, 150 nmol/L) on cell viability with the MTT assay. As shown in [Figure 1A](#f1-medscimonit-18-7-br286){ref-type="fig"}, GLP-1 increased cell viability in a concentration-dependent manner. Moreover, GLP-1 had similar activity at concentrations of 100 and 150 nmol/L.

In additional experiments, HUVECs were incubated with 200 μg/mL AGEs for 48 h in the presence or absence of different concentrations of GLP-1 (10, 50, 100, 150 nmol/L). Compared with control cells, HUVECs treated with AGEs (200 μg/mL) showed significantly reduced cell viability (*p*\<0.01). GLP-1 partially restored cell viability in a dose-dependent manner, with a peak at 100 nmol/L (*p*\<0.01 *vs.* AGEs-treated cells) ([Figure 1B](#f1-medscimonit-18-7-br286){ref-type="fig"}). Therefore, all subsequent experiments were performed with 100 nmol/L of GLP-1. These data demonstrated that GLP-1 increases cell viability and partially prevents AGEs-induced toxicity.

Effects of GLP-1 on AGEs-induced apoptosis in HUVECs
----------------------------------------------------

Induction of apoptosis in AGEs-induced HUVECs was detected with Hoechst 33258 staining and Annexin-FITC/PI assays. Cells showed the typical morphological changes of apoptosis, including condensation of chromatin and nuclear fragmentation after incubation with 200 μg/mL AGEs for 48 h. These morphological changes were strongly attenuated in the presence of GLP-1 and AGEs ([Figure 2A](#f2-medscimonit-18-7-br286){ref-type="fig"}). As shown in [Figure 2B](#f2-medscimonit-18-7-br286){ref-type="fig"}, AGEs significantly induced cell apoptosis as compared with controls. However, adding GLP-1 to the culture medium partially reversed AGEs-induced apoptosis. In addition, the proportion of apoptotic cells was quantified by Annexin-FITC/PI assay ([Figure 2C](#f2-medscimonit-18-7-br286){ref-type="fig"}). After cells were exposed to AGEs for 48 h, the percentage of early apoptotic cells was increased by 13%; this increment was blunted when cells were incubated with AGEs and GLP-1.

GLP-1 upregulates expression of Bcl-2/Bax protein ratio in AGEs-treated HUVECs
------------------------------------------------------------------------------

To investigate the cellular mechanism by which GLP-1 prevented the AGEs-induced apoptosis of endothelial cells, we analyzed the Bcl-2/Bax ratio in HUVECs induced by AGEs ([Figure 3A, C](#f3-medscimonit-18-7-br286){ref-type="fig"}). AGEs increased the expression of the pro-apoptotic protein Bax but failed to influence the anti-apoptotic protein Bcl-2 expression. The Bcl-2/Bax ratio was significantly reduced in HUVECs incubated with AGEs for 48 h. This decrement was completely blunted in the presence of GLP-1 and AGEs. Compared with control cells, GLP-1 alone significantly increased the Bcl-2/Bax protein ratio by upregulating Bcl-2 expression and downregulating Bax expression. These results indicate that GLP-1 can attenuate AGEs-induced apoptosis in HUVECs by altering the expression of apoptosis-related proteins.

GLP-1 reduces the release of cytochrome c in AGEs-treated HUVECs
----------------------------------------------------------------

To determine whether mitochondrial release of cytochrome *c*, a critical event in the progression of apoptosis, contributes to the anti-apoptotic actions of GLP-1, cytosolic fractions were isolated from lysates of HUVECs. Compared with control cells, AGEs-treated HUVECs exhibited increased cytochrome *c* release from mitochondria. However, this increment was blunted in the presence of GLP-1 and AGEs ([Figure 3B](#f3-medscimonit-18-7-br286){ref-type="fig"}).

GLP-1 sequentially inhibits the AGEs-induced activation of caspase-9 and −3 in HUVECs
-------------------------------------------------------------------------------------

Cytochrome *c* is required to activate caspase-9 and −3. Caspase-9 and −3 can in turn activate apoptotic signaling and lead to apoptosis. Therefore, we further investigated whether GLP-1 acted by suppressing the activation of caspase-9 and −3. As illustrated in [Figure 4](#f4-medscimonit-18-7-br286){ref-type="fig"}, AGEs significantly increased the activity of caspase-9 and −3, and this alteration was partially inhibited in the presence of GLP-1 and AGEs, demonstrating that GLP-1 has an inhibitory effect on AGEs-induced caspase activation in the apoptosis of HUVECs.

Discussion
==========

GLP-1 and its receptor agonists represent promising new therapeutic compounds not only for the treatment of T2DM, but also for the prevention of cardiovascular morbidity and mortality associated with T2DM. GLP-1 improves vascular dysfunction, such as inducing vasodilatation \[[@b29-medscimonit-18-7-br286]\] and promoting vascular endothelial cell proliferation \[[@b12-medscimonit-18-7-br286]\]. AGEs can be considered as a marker for the development of vascular complications in diabetes \[[@b30-medscimonit-18-7-br286]\], as the presence of diabetic complications correlates with elevated serum AGEs levels. Evidence is growing that endothelial apoptosis induced by AGEs plays an important role in the pathogenesis of diabetes-accelerated atherosclerosis. However, it remains unknown whether GLP-1 could inhibit AGEs-induced apoptosis of HUVECs. In this *in vitro* study, the MTT assay showed that GLP-1 could effectively attenuate the reduction in cell viability induced by AGEs. Furthermore, GLP-1 greatly inhibited chromatin condensation and nuclear fragmentation induced by AGEs. Finally, GLP-1 led to a strong reduction in the number of apoptotic cells. These data suggest that GLP-1 can inhibit AGEs-induced apoptosis of HUVECs *in vitro*.

We next sought to uncover the mechanism(s) underlying the inhibition of apoptosis by GLP-1. It is well accepted that members of the Bcl-2 family represent central regulators of cell death. The pro-apoptotic protein Bax is essential for permeabilization of the mitochondrial outer membrane, leading to cytochrome *c* release, and subsequently the activation of caspases \[[@b31-medscimonit-18-7-br286]\]. Nevertheless, Bcl-2, an anti-apoptotic protein, inhibits this process by inhibiting the translocation of Bax upstream of mitochondria and thus reducing the activity of caspases \[[@b31-medscimonit-18-7-br286],[@b32-medscimonit-18-7-br286]\]. Caspase-9 and −3, the initiator caspase and the executor caspase, respectively, both amplify the pro-apoptotic signal and result in apoptosis \[[@b33-medscimonit-18-7-br286]\]. Here, in line with the results of other studies \[[@b6-medscimonit-18-7-br286]\], AGEs increased the expression of the pro-apoptotic protein Bax, activated caspase-9 and −3, and subsequently induced the apoptosis of HUVECs. Our data also show that AGEs increased cytochrome *c* release into the cytosol. However, all these activities induced by AGEs were attenuated in the presence of GLP-1. The mechanisms by which GLP-1 protects HUVECs against the apoptotic effects of AGEs could be, at least in part, through the upregulation of the Bcl-2/Bax protein ratio and the activation of the mitochondrial pathway.

The anti-apoptotic actions of GLP-1 via alteration of the Bcl-2 family proteins--caspase protease pathway may be effective in not only endothelial cells, but also in other cell types. For instance, GLP-1 upregulates Bcl-2 and inhibits Bax expression in cholangiocytes \[[@b24-medscimonit-18-7-br286]\] and neuronal cells \[[@b20-medscimonit-18-7-br286],[@b34-medscimonit-18-7-br286]\]. In addition, GLP-1 prevents Bax/Bcl-2 protein ratio increase, cytochrome *c* release, and caspase-3 activity increase induced by staurosporine in cardiomyocytes \[[@b23-medscimonit-18-7-br286]\]. Moreover, GLP-1 also induces Bcl-2 upregulation \[[@b35-medscimonit-18-7-br286]\], BAD inactivation \[[@b36-medscimonit-18-7-br286]\], and caspase-3 activity reduction \[[@b19-medscimonit-18-7-br286]\] in pancreatic β-cells. Here, we have confirmed and expanded these data by demonstrating that GLP-1 prevents the reduction of the Bcl-2/Bax protein ratio and the release of cytochrome *c*, and reverses the increase in caspase-9 and −3 activity induced by AGEs in HUVECs.

Conclusions
===========

This is the first report to reveal the GLP-1 exhibits protection against AGEs-induced endothelial cell apoptosis. GLP-1 may exert anti-apoptotic effects against AGEs through a pathway involving the mitochondrion, cytochrome *c*, and caspase protease. Our findings support the notion that new agents based on GLP-1 and its mechanism of action, such as GLP-1 analogs, may act as double-edged swords, simultaneously ameliorating hyperglycemia and protecting against vascular injury in patients with T2DM.
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![Peptide glucagon-like peptide-1 (GLP-1) increases cell viability and reduces advanced glycation end products (AGEs)-induced toxicity in human umbilical vein endothelial cells (HUVECs). (**A**) GLP-1 increases cell viability. Cells were incubated with GLP-1 (10, 50, 100, 150 nmol/L) for 48 h. Total cell viability was measured with the MTT assay. (**B**) GLP-1 (50, 100, 150 nmol/L) reduces AGEs-induced cell toxicity. n=3, \* p\<0.05, and \*\* p\<0.01 *vs.* control; \# p\<0.05 and ^\#\#^ p\<0.01 *vs.* AGEs-treated cells.](medscimonit-18-7-BR286-g001){#f1-medscimonit-18-7-br286}

![Effects of GLP-1 on AGEs-induced apoptosis in HUVECs. Cells were treated with 200 μg/mL AGEs or non-glycated BSA in the presence or absence of GLP-1. (**A**) Morphological changes in HUVECs. Cells were detected by Hoechst 33258 staining. Apoptotic cells were observed as blue intact round nuclei and fragmented/condensed nuclei. Original magnification, ×200. Quantification of apoptotic cells with Hoechst 33258 staining (**B**) and Annexin-FITC/PI assay (**C**). n=3, \* p\<0.05, and \*\* p\<0.01 *vs.* control; ^\#\#^ p\<0.01 *vs.* AGEs-treated cells.](medscimonit-18-7-BR286-g002){#f2-medscimonit-18-7-br286}

![Inhibitory effects of GLP-1 on AGEs-induced apoptotic protein expression and mitochondrial permeability in HUVECs. (**A**) Western blot analysis of apoptosis-provoking proteins in response to AGEs (200 μg/mL) and GLP-1 (100 nmol/L) for 48 h. (**B**) Relative levels of cytochrome *c* (in the cytosolic fraction) normalized to levels of β-actin. (**C**) Ratio of Bcl-2 protein to Bax protein. n=3, \*\* p\<0.01 *vs.* control; ^\#\#^ p\<0.01 *vs.* AGEs-treated cells.](medscimonit-18-7-BR286-g003){#f3-medscimonit-18-7-br286}

![Inhibitory effects of GLP-1 on AGEs-induced caspase-9 and −3 activation. n=3, \*\* p\<0.01 *vs.* control; ^\#\#^ p\<0.01 *vs.* AGEs-treated cells.](medscimonit-18-7-BR286-g004){#f4-medscimonit-18-7-br286}
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